We present results on ultra low noise YBa 2 Cu 3 O 7−δ nano Superconducting QUantum Interference Devices (nanoSQUIDs). To realize such devices, we implemented high quality YBCO nanowires, working as weak links between two electrodes. We observe critical current modulation as a function of an externally applied magnetic field in the full temperature range below the transition temperature T C . The white flux noise below 1 µΦ 0 / √ Hz at T = 8 K makes our nanoSQUIDs very attractive for the detection of small spin systems.
The development of quantum limited magnetic flux sensors has recently gained a lot of attention for the possibility to detect the magnetic moment of nanoscaled systems, with the ultimate goal of the observation of a single spin. Such sensors are of fundamental importance for applications ranging from spintronics and spin-based quantum information processing to fundamental studies of nano-magnetism in molecules and magnetic nano-clusters. A nanoscale Superconducting QUantum Interference Device (nanoSQUID) is indeed a promising candidate to reach this ambitious goal [1] [2] [3] . A SQUID loop on the nanometer scale is a crucial requirement to achieve the necessary flux sensitivity and spacial resolution [4] .
The downscaling of tunnel junction based SQUIDs is an extremely challenging task [5, 6] .
In particular, scaling down the dimensions of a conventional tunnel junction to nanometer size implies several drawbacks such as the deterioration of the tunnel barrier, with increased critical current/resistance noise [7] , and small critical current values, limiting the working operation range of the SQUIDs far below the transition temperature of the superconducting material used. For these reasons during the recent years a lot of effort has been put into the development of nanoSQUIDs implementing superconducting nanowires in a Dayem bridge configuration [8, 9] . At the moment, the realization of such nanoSQUIDs is well established for Low critical Temperature Superconductors (LTS) [10] . NanoSQUIDs made of High critical Temperature Superconductors (HTS) might extend the operational working temperature (from mK to above 77 K) and the range of magnetic fields that can be applied to manipulate spins compared to Nb based nanoSQUIDs.
Several attempts to fabricate HTS nanoSQUIDs, implementing YBCO Dayem bridges, have been made during the last few decades [11] [12] [13] . However a proper SQUID behavior, with a periodic modulation of the critical current in the full temperature range below T C has never been observed. These results suggest a severe degradation of the YBCO nanostructures during fabrication, occurring because of chemical instability of this material and high sensitivity to defects and disorder due to the very short coherence length ξ.
In this letter, we present measurements on YBCO nanoSQUIDs, realized with Dayem bridges with cross sections down to 50x50 nm 2 . In contrast to previous works [11] [12] [13] our nanoSQUIDs show critical current modulations as a function of an externally applied magnetic flux in the full temperature range below the transition temperature, T C , of the devices. Both the modulation depth and the period in magnetic field are in good quantitative agreement with numerical computations. Moreover, the ultra low white flux noise below 1 µΦ 0 /Hz 1/2 , that we have measured above 10 kHz, makes these devices appealing for the investigation of small spin systems.
The Dayem bridges are realized by using YBCO nanowires fabricated using an improved nanopatterning procedure [14] [15] [16] . The high value of the critical current achieved in our nanostructures demonstrate that the superconducting properties close to the as grown films are preserved. As a consequence, these nanostructures represent also model systems to investigate the instrinsic properties of HTS, for instance to study the fluxoid quantization in superconducting loops [17, 18] .
A 50 nm thick YBCO film is deposited on a (110) MgO substrate by Pulsed Laser Deposition (PLD). The film has a very sharp transition with an onset at T C = 85 K.
For comparison, we have also patterned commercial YBCO films grown on (001) MgO substrates, provided by Theva GmbH, with a T C onset of 86 K. The nanostructures are defined by an e-beam lithography defined carbon mask and a very gentle Ar + ion milling.
The nanopatterning procedure is described in detail in Refs. 14-16. on devices on (110) MgO they are of the same order of magnitude, though slightly lower.
[19]
In Fig. 2 we show the critical current of a nanoSQUID as a function of an externally applied magnetic field. Modulations of the critical current have been observed in the whole temperature range, up to the critical temperature of the devices. Here, the critical current has been measured by ramping the current and detecting when the voltage exceeded a voltage criterium, the latter being determined by the noise level and the shape of the IV C (usually a value of ∼ 2 µV has been considered). From the critical current modulation we extract the modulation period ∆B and the relative critical current modulation depth
, with ∆I C being the difference between the maximum I max C and the minimum
values of the critical current.
To calculate numerically the expected ∆I C , we have followed the approach by Tesche and Clarke [20] . For this purpose, the knowledge of the current-phase relation (CPR) of the bridges and the inductance of the electrodes is required. Concerning the CPR, our bridges are long nanowires, l ξ (ξ ∼ 2 nm is the YBCO coherence length in the a-b plane), with cross section wt λ 2 (w and t are respectively the width and the thickness of the nanowires, while λ is the London penetration depth in the a-b plane). In this limit, the CPR is given by the Likharev and Yakobson expression [21] [22] [23] 
where J s = I/wt is the superconducting current density, Φ 0 = h/2e is the flux quantum, µ 0 is the vacuum permeability and φ is the phase difference between the two ends of the wire. In case the critical current is limited by phase slips, the maximum phase difference is given by φ d = l/ √ 3ξ. However for bridges wider than 4.4ξ the critical current is reached once vortices can overcome the bridge edge barrier. This occurs for a phase difference φ v = l/2.718ξ 0.64φ d [24] . For |φ| < φ v the expression of the CPR (eq.(1)) can be reasonably approximated by the linear term:
where L k is the kinetic inductance of the wire, given by (µ 0 λ 2 l)/(wt). Each nanowire inside the loop behaves therefore as an inductor, where the phase difference between the two ends grows linearly with the bias current. Indeed, the inductance of a wire with cross section wt λ 2 is dominated by the kinetic inductance with a negligible contribution of the geometric inductance L g µ 0 l.
From numerical calculations of the current modulation using the CPR of eq.(2) we obtain that [25, 26] 
where , using λ 0 as the only fitting parameter. As shown in Fig. 3 , the agreement between data and numerical calculations is very good using λ 0 = 260 nm (which is a typical value for thin YBCO films [31] ), in the whole temperature range and for all the measured devices, both fabricated on (110) and (001) MgO. In particular, when the temperature increases, the critical current modulation depth becomes bigger as a consequence of the reduction of the critical current I max C
: both
and β num L decrease, approaching to 1 when the temperature is close to T C .
We now focus on the periodicity ∆B of the critical current modulations. In the inset of 
